Polarization sensitivity is documented in a range of marine animals. The variety of tasks for which animals can use this sensitivity, and the range over which they do so, are confined by the visual systems of these animals and by the propagation of the polarization information in the aquatic environment. We examine the environmental physical constraints in an attempt to reveal the depth, range and other limitations to the use of polarization sensitivity by marine animals. In clear oceanic waters, navigation that is based on the polarization pattern of the sky appears to be limited to shallow waters, while solar-based navigation is possible down to 200 -400 m. When combined with intensity difference, polarization sensitivity allows an increase in target detection range by 70 -80% with an upper limit of 15 m for large-eyed animals. This distance will be significantly smaller for small animals, such as plankton, and in turbid waters. Polarization-contrast detection, which is relevant to object detection and communication, is strongly affected by water conditions and in clear waters its range limit may reach 15 m as well. We show that polarization sensitivity may also serve for target distance estimation, when examining point source bioluminescent objects in the photic mesopelagic depth range.
INTRODUCTION
Light under water is partially linearly polarized to as deep as the light penetrates [1] . This polarization is affected by a wide range of factors (figure 1) including the scattering and absorption properties of the water, the path length of the light and, therefore, water depth, the viewing direction, the air/water interface and the effects of waves on it and the properties of the light incoming to the water, i.e. position of the Sun/ Moon in the sky, cloud coverage and other celestial conditions (reviewed by [2, 3] ). Each of these factors may change the light's polarization by reducing it (e.g. via multiple scattering), by inducing polarization (e.g. internal reflection from the water/air interface or Rayleigh scattering of downwelling light) or by changing the orientation (polarization angle/direction of propagation) or partial (%) polarization of the light (e.g. via refraction of skylight at the air/water interface). In addition, marine organisms may affect and even generate localized polarization via scattering, reflection and birefringence of their tissues.
Over 70 species of marine animals, mainly fishes, molluscs and arthropods, but also echinoderms, are currently known to be sensitive to the polarization of light (reviewed in [2, 4] ). These animals use the light's polarization for a range of functions such as body orientation and navigation, shore detection, object detection, prey identification and communication.
In this review, we examine these different functions and explore their physical constraints in marine waters. From these, one can estimate the limitations that animals encounter in their use of polarization sensitivity. We restrict our analysis to the epi-and mesopelagic zones, i.e. to areas that are illuminated by sunlight at least for part of the day (ca upper 1000 m). Although a few marine animals are known to be sensitive to circular polarization [5] , only limited information about its distribution in sea water exists (but see [6] ). Hence, we limit our discussion to the linear polarization state of the light.
NAVIGATION
Navigation is one of the most documented functions for polarization sensitivity in terrestrial animals [7] . It is based on calibrating a sun compass even when the Sun is obscured by clouds or is too bright to be viewed directly. However, in marine environments such navigation is reported in far fewer cases and it involves several mechanisms. Open-water visual navigation often involves examination of components that are related to the position of the Sun/ Moon in the sky. Obviously, this can be achieved at depths where the light maintains its orientation component and does not appear to come from a single point source overhead. For practical reasons, this means depths of 400 m and shallower. However, the question can be asked, can polarization-based navigation exist in such deep waters? Sabbah et al. [8] showed that the sky's pattern of polarization penetrates into the water in a predictable way. However, this pattern is greatly affected by waves at the air -water interface [9] . Shashar et al. [10] examined the distance at which a linearly polarized pattern can be transmitted in water. They found strong correlation with water clarity, where in clear water a polarization pattern deteriorated at ca 15 m. Therefore, one may conclude that when the Sun/Moon is not seen (clouded, etc.) polarization-based navigation is limited to shallow waters (ca 15 m deep). Waterman & Westell [11] and Ivanoff & Waterman [12] found a correlation between the per cent polarization at a horizontal line of sight and the Sun's position down to 120 m, and Waterman [1, 13] A different type of navigation that can be found in aquatic environments is shore detection and the attraction to or avoidance of open waters [14] [15] [16] . The ability to detect a distant shore, by examining a polarization difference between light coming from it and from the open waters, is based on downwelling light being side scattered in the water. Such scattering, especially when caused by small Rayleigh-size particles, induces linear polarization to the light. This scattering and, therefore, the strength of its linear polarization component, is related to the volume of the water scattering the light, hence to the optical path and the distance from shore. Light coming from open waters is scattered by a large volume of water and is therefore highly linearly polarized. Light coming from the shore's direction is less scattered and therefore less polarized; furthermore, the light reflected from the shore's bottom has a further depolarizing effect. At 10 m away from a coral reef, N. Shashar & E. Zarfati (2002, 2003 , unpublished data) measured a 13 per cent difference between the onshore and offshore lines of sight, over the differences recorded in open waters. Detailed examination in different water types, including different scatterers and absorbers in the water, wavelength effects, types of shore, etc. is still missing. One may expect that in murky waters, where scattering by large Mie particles and multiple scattering are common, the extent of this difference between the onshore and the open-water lines of sight will be noticeable at a shorter distance. On the other hand, nearshore sedimentation may reduce per cent polarization in both on shore and offshore lines of sights. This aspect, not known to be used by animals, means that as one approaches the shore, polarization is expected to be reduced with increased turbidity. Preliminary measurements in relatively clear coral-reef waters recorded a reduction of 25-30% of linear polarization at distances of up to 15 m from shore (N. Shashar & E. Zarfati 2004, unpublished data). Whether such changes in polarization can be used for indications of an approaching shore, and whether they have an advantage over other means of turbidity assessment, remains to be examined. One aspect is that scattering-induced differences in the polarized light field are not limited by the amount of light and should be noticeable at any depth to which light penetrates [17] .
CONTRAST ENHANCEMENT
Simple filtration of a given orientation of polarization, such as filtering out horizontally polarized light and with it veiling light, may enhance the contrast between an underwater object and its background, even without true polarization sensitivity. However, differential polarization sensitivity of the light detectors (i.e. polarization sensitivity) provides the basis for polarization discrimination and for detection of a polarization contrast. Such polarization-based contrast enhancement may serve for detection of objects (especially objects that do not emit their own light) or specific patterns in them. Marine animals use polarization sensitivity for detecting and identifying prey, ranging from fish to plankton, as well as for increasing their overall range of view [18] [19] [20] [21] . The contrast examined can be between the object and its background, such as the case of plankton detection, or of patterns of polarization within an object. Several independent studies ( [20, 22, 23] ; see also values in [19] ), using different set-ups and having different goals, found that such polarization-based contrast enhancement can increase detection range by 1.7 -1.8 of intensity-based sensitivity. The actual distance where this effect is meaningful, depends on the viewing conditions and visual acuity of the animal. For example, Novales Flamarique & Browman [19] found in early-stage rainbow trout (Oncorhynchus mykiss) an increase in plankton detection range from ca 1.5 cm under depolarized illumination to ca 2.5 cm under fully polarized white light and somewhat more under short-wavelengths illumination. Visual interactions in zooplanktonic animals occur in the centimetre range [24] , and adult planktivorous fishes detect zooplankton at tens of centimetres (e.g. [25, 26] , see also [27] ). However, for larger objects, the polarization effect may reach several metres [23, 28] . An upper limit can be obtained at 15 m [10] , after which such a pattern gradually deteriorates. One should recall that, in shallow waters, where significant fluctuations of the downwelling polarization occur [9] , detection of transparent objects, such as plankton, will be further limited.
POLARIZATION AND DETECTION OF BIOLUMINESCENT SOURCES
Linear polarization of light emanating from bioluminescence has not been reported (but see [29] ), although several types of photophores possess lightreflecting platelets that help broadcast the light from such organs [30] . Since reflected light generally becomes partially linearly polarized (depending upon platelet structure or any depolarizing structures that may be associated with photophores), the possibility exists that some bioluminescence is partly polarized. Thus, polarization sensitivity may play a role in detecting bioluminescent sources, yet this possibility awaits empirical examination. In dim waters, detecting a flash of light at near horizontal lines of sight is mainly a question of contrast detection ( [31 -33] , reviewed in [34, 35] ). However, estimating the distance to this point source is much more challenging, especially if no other distance markers are available. Although binocular vision is the predominant way for depth perception, such light flashes can often be detected only by a single eye or they appear at an orientation where binocular vision is not reliable. Polarization sensitivity may play a role in estimating the range to bioluminescing objects. In the open mesopelagic region, where light is coming down in a fairly regular and predictable manner [36] , it is possible to estimate the distance to an unpolarized source by examining the polarization characteristics of the light arriving from it. Veiling light, meaning downwelling light that is scattered between the object and the viewer, will be partially polarized. The amount of this partial polarization is positively correlated with the amount of veiling light, i.e. the distance between the object and the viewer. This relationship holds up to a given maximum of polarization that is characteristic of the water properties and the orientation of the line of sight. This maximal value can be seen at the open waters near by, yet unobscured by the examined light source [10] . In a terrestrial setting, Namer et al. [37] have been able to use such levels of linear polarization to estimate distances to objects located several kilometres away from a camera. In an aquatic setting, this range is naturally much shorter.
Assuming a non-polarized bioluminescing source, one can calculate the distance to it (d) by examining the level of polarization arriving in the beam.
where c is the beam attenuation coefficient of the water, L is the radiance of the bioluminescence viewed at distance d, L b the radiance of the background, P 1 the degree of background polarization and P the degree of polarization of light arriving from the bioluminescent source (see appendix A for derivation). Since c is relatively stable at these depths [36] , one can assume that animals have a sense of the attenuation of light in their environment.
Several species of mesopelagic squid possess polarization sensitivity [38] . Such range-detection capabilities can be an important function of this sensitivity. It is unlikely that squid perform such calculations in each case, but it can be expected that a distance estimation system is hard-wired in their nervous system or acquired over time and experience. Such a neurological approach for polarization calculations can be found in compact nervous systems such as those of insects [39, 40] .
Behavioural experiments as well as physical modelling are required to examine the actual use of this polarization-based target ranging. Anatomical studies of photophore structure correlated with polarization measurements from individual photophores are also needed to determine if/how certain types of photophores produce polarized light.
COMMUNICATION
Several animals, including cephalopods and crustaceans, possess patterns reflecting or transmitting light that can be partially to nearly fully polarized [17] . In many cases, these patterns can be modulated by the animal. One possible advantage of polarization signalling in the marine environment is that they are less affected by spectral changes in downwelling illumination that occur with water depth [17] . The distances by which such polarization patterns can travel depend mostly on their initial polarization and radiance contrasts. In most aspects, the essences of the signal's propagation are similar to those reported in §3. However, one should note that in the case of communication, the polarization difference is often the only signal available. Here, there can be a difference between the information transmitted in the polarization domain-a conspicuous signal versus the information in the intensity and spectral domainswhich may be used at the same time as part of the animals camouflage system. Therefore, one should examine the propagation of information in each domain separately (one cannot simply add ca 80% to the distance of intensity-based detection). Further studies are needed to understand how animals Limitations to polarization sensitivity N. Shashar et al. 651 interpret and map the visual information obtained in each of these domains.
DISCUSSION
In this short report, we aimed to examine the constraints that the physical environment sets on some of the functions of linear polarization sensitivity as it is used by marine animals. Other functions for this sensitivity will emerge with the expansion of our knowledge of the ways polarization signals are detected and processed in the visual systems of animals. These will require detailed examination to understand their capacities and limitations under different marine conditions, and to continue to develop better instruments for more convenient in situ measurements of polarization under conditions in which marine animals use their polarization sensitivity. Typically, we aim at examining the upper (maximal) range of the various functions of polarization sensitivity. However, sea waters are not always clear, sea surfaces not always calm, and the sky is sometimes covered with clouds. Such changes in the physical environment are likely to reduce the range at which different functions of polarization sensitivity operate. For example, it is probable that polarization-based food detection by cuttlefish [41] has a much shorter range in the turbid English/La Manche Channel than in the clear east Mediterranean. This difference may not mean much to a small cuttlefish hatchling hunting at a short range but may be more significant to an adult [42] searching for larger shrimps and fishes [21] .
The processes described in this paper focus on constraints that are related to the medium and the physical environment of the sensing animal. Additional constraints are set by the visual system of the observer. These include, among others, resolution and sensitivity limitations, contrast detection ability and spatial and temporal integration processes. The interplay of the two classes of constraints will set the actual limitations for linear polarization used by each species. One important question is: what is the minimal polarization signal that can be detected by the animal? In many cases this translates to polarizationcontrast detection. Three types of polarization contrast may be meaningful for an animal: (i) the polarization contrast between an object and its background, as in object detection, (ii) the polarization contrast between parts of the object or animal, as in polarization signalling, and (iii) the polarization contrast between different parts of the background, as in shore detection and polarization-based navigation. Neurological examination suggested that squid can detect polarization orientation (angle) differences of up to 48 and a contrast in polarization orientation of 9.68 [43] . In a behavioural study, octopus was found to be able to detect a contrast in polarization orientation as little as 208 [44] . Mussi et al. [45] showed that a damselfish could detect polarization orientation differences of 108 -158 when coming from a single light source; while Degner & Hawryshyn [46] have shown that rainbow trout discriminate between two linearly polarized light patches when the e-vector orientation differed between them by more than 458. Polarization contrast can occur not only in e-vector orientation but also in per cent polarization. Indeed such contrast is the key component in shore detection tasks. Previous studies have indicated that the minimum per cent polarization detected by salmonids ranges between 60 and 70 per cent under laboratory conditions [19, 47, 48] and 45 per cent in field conditions (reviewed by [49] ); however, when considering fish UV polarization sensitivity the value could be lower (N. S. Hawryshyn 2008, personal communication) . However, the small planktonic crustacean Daphnia pulex detects a polarization signal that is only 37 per cent polarized [16] . Owing to technical reasons, studies are lacking in estimating the minimal per cent polarization difference that can be detected by animals. The interplay between orientation of polarization and per cent polarization, and the effects of light intensity on them, will set further limits to the ability of an animal to detect a polarization difference.
Circular polarization has been poorly studied in marine environments (but note [6] ). However, it is known that some animals do sense and use this light modality [5] . In a scattering medium, circular polarization may well allow better propagation of a signal when compared with depolarized or linearly polarized light, and the sensitivity to both linear and circular polarization can provide information as to the nature of the scatterers in the water [50, 51] . Better theoretical and empirical understanding of the distribution and propagation of circular or perhaps elliptical polarization should be the focus of future studies.
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Suppose that the background light is horizontally polarized (a reasonable assumption in the asymptotic mesopelagic realm). Then the degree of linear polarization of the bioluminescent signal is
Because the signal is unpolarized and the path radiance has a constant degree of polarization [53] , we can substitute equation (A 1) into equation (A 2) and get
Again, since the bioluminescence is unpolarized,
Dividing top and bottom by ðL
So, the polarization is the polarization of the background multiplied by the fraction of the apparent radiance of the source that is path radiance. The same arguments hold for polarization at 458 and circular polarization. Solving equation (A 5) for d gives
Thus, if given the radiance and polarization of both observed signal and the background, one can determine its distance. Alternatively, using equation (A 2), one can rewrite equation (A 6) as
which, given that it only involves measuring the difference in the two polarization channels, rather than computing the more abstract degree of polarization, may be more physiologically plausible.
